Endosulfan, an organochlorine pesticide, is known for its toxicity and ability to accumulate in the environment. In India endosulfan was banned only in 2011 and hence toxic residues are still persistent in the environment. The abilities of three plant species Chittaratha (Alpinia calcarata), Tulsi (Ocimum sanctum), and Lemongrass (Cymbopogon citratus) to remove endosulfan from soil in the absence and presence of zerovalent iron nanoparticles (nZVIs) (1000 mg/Kg of soil), i.e., by phytoremediation and nano-phytoremediation, were determined. Extracted soil samples from the experimental plot were analyzed using Gas Chromatograph with Electron Capture Detector (GC-ECD) and final dehalogenated product was confirmed by Mass Spectrometer (MS). A. calcarata had the best efficiency compared to the other two plant species and the efficiency decreased in the order A. calcarata > O. sanctum> C. citrates. The initial endosulfan removal rate was high (82% was removed within 7 days) when nano phytoremediation experiments were conducted with A. calcarata but then gradually decreased, probably because the activity of nZVI decreased over time. The nZVI endosulfan degradation mechanism appears to involve hydrogenolysis and sequential dehalogenation which was confirmed by GC-MS analysis. Only small amounts of endosulfan were accumulated in the plants because the added nZVIs might have promoted the reductive dechlorination of endosulfan.
Introduction
Nano-remediation studies have shown that Ag, Au, Mg, and Fe nanoparticles can cause several types of halocarbon to be dehalogenated, so it is expected that these types of nanoparticles can also dehalogenate halocarbon pesticides [1] . Nanomaterials can either react directly with a pollutant or support the transformation of the pollutant into less toxic forms [2] . Zerovalent iron nanoparticles (nZVIs) are very reactive because of their small sizes, and they can be used in in situ treatments [3] - [5] .
Phytoremediation is a cost-effective "green" technique that has been used to remediate environmental media contaminated with crude oil, explosives, metals, pesticides, solvents, and other pollutants. Certain plants called hyperaccumulators (plants which absorb large amounts of pollutants) are planted at a site based on the type of pollutant present and other site conditions. Plants can act as hyperaccumulators and they can remove pollutants or convert pollutants into harmless products by bioaccumulating, degrading, extracting, or immobilizing the pollutants. Phytoremediation offers advantages over traditional remediation methods such as chemical oxidation, excavation, and thermal treatments [6] [7] .
A potential application of a combined usage of nano-and phytoremediation could be the remediation of endosulfan-contaminated soils. Endosulfan is a cyclodiene insecticide and acaricide that becomes adsorbed to soil particles and is persistent in the environment [8] - [10] . The US Environmental Protection Agency has estimated that endosulfan and its metabolites have half-lives between 9 months and 6 years [11] . Endosulfan was found to persist for 1.5 -2 years in sediment and soil samples in selected areas in eleven Panchayats of Kasaragod District, India [12] . Since the residues of endosulfan can remain in sediment, soil, vegetation etc. for 1.5 -2 years it is essential that endosulfan should be quickly and effectively removed from affected environment. Nanophytoremediation technique could degrade pollutants such as endosulfan effectively without much impact on environment. In most cases, nanomaterials will not be of human health or ecological concern and may have positive impacts [13] . But not enough information exists to assess environmental exposure for most engineered nanomaterials [14] . A recent study has reported that increased dissolved hydrogen and Fe 2+ formed during the process provide evidence for nZVI emplacement and also create favorable environments for microbes to aid long-term bioremediation. In the remediation experiments involving nZVI particles, organic amendments are added during the synthesis or injection to facilitate transport and this can provide carbon and energy for microbial metabolism, thereby enhancing microbial activities which may lead to enhanced rate of degradation of contaminants [15] .
The aim of the study described here was to evaluate the possibility of nano-phytoremediating soil contaminated with endosulfan using selected plant species Chittaratha (Alpinia calcarata), Tulsi (Ocimum sanctum), and Lemongrass (Cymbopogon citratus) and nZVIs. nZVIs (1000 mg/kg of soil) were added in to the soil artificially spiked with endosulfan (1139.84 ± 0.93 µg/kg) and after definite time period (7, 14, 21 and 28 days), 10 g of soil sample was collected and analysed to find out the concentration of endosulfan in the soil. Plant species were also analyzed to find out the hyper accumulated concentration of endosulfan. The removal efficiencies achieved over 120 d were determined for soils containing endosulfan and selected plants with and without the presence of nZVIs.
Materials and Methods
Analytical grade chemicals were used throughout the study. External pesticide reference standards from Merck (Germany) were used.
Easily harvested plants were selected based on their abilities to tolerate or accumulate contaminants, grow quickly, effectively accumulate large quantities of pollutants, and produce large biomass. The plants that were screened were Aerva lanata, Ageratum conyzoides, A. calcarata, Biophytum sensitivum, Cleome viscosa, C. citratus, O. sanctum, Phyllanthus amarus, Plumbago indica, Ruta chalepensis, and Vernonia cinerea. The plants were collected from Kottuli wetland area in Calicut, India. The details of collected plants were identified using the standard literature [16] . All the plants were transplanted into the soils artificially spiked with 1200 µg/Kg of endosulfan and three plants A. calcarata, O. sanctum, C. citrates which grew well were selected for the main experiment.
In the phytoremediation experiments, seedlings (2 weeks old) of the fresh plant species not previously exposed to endosulfan selected after screening were transplanted into rectangular growth chambers containing soil contaminated with endosulfan (1139.84 ± 0.93 µg/kg). The chambers were placed in a greenhouse that was kept at 30˚C during the day and 27˚C at night. Water was added to the soil in each chamber every day to maintain appropriate moisture content. The greenhouse study was performed with natural light. The study was continued after the screening period using three plant species that grew well in the endosulfan-contaminated soil. Healthy plants, with similar heights and biomasses, of the selected species were transplanted into rectangular pots for the main study. Three experiments were run separately for each treatment. Samples of the soil and plant material were removed for analysis at regular intervals over 2 months.
nZVIs was synthesized by the reductive precipitation process, reacting FeCl 3 (0.045 M) with sodium borohydride (0.25 M) [17] [18] . The vacuum filtration technique was used to separate the black iron nanoparticles from the liquid phase. The solid particles were washed with three 25 mL aliquots of absolute ethanol. The synthesized nanoparticles were finally dried overnight in an oven at 323 K. A thin layer of ethanol was added to allow the iron nanoparticles to be stored by preventing them from being oxidized [13] [19] .
The sizes and shapes of the nano-and submicron-particles were determined using a SU-6600 field emission SEM instrument equipped with a Horiba EDX analyzer (Hitachi High-Technologies, Tokyo, Japan). The size distribution of the nZVIs was further examined using a H07600 transmission electron microscope (Hitachi High-Technologies).
The efficiency at which the nZVIs to be used in the nano-phytoremediation study degraded endosulfan was determined by passing an endosulfan solution (water sample artificially spiked with 105.19 ± 0.83 µg/L endosulfan) through a column packed with nZVIs. Aliquots of the eluate were collected at regular intervals and the difference between the endosulfan concentrations in the original solution and the eluate were determined. After the column test, the nZVIs from the column were analyzed by scanning electron microscopy (SEM) energy-dispersive X-ray spectroscopy (EDS).
A 4 kg aliquot of soil spiked with 1139.84 ± 0.93 µg/kg of endosulfan was added to each pot, and the selected plants were transplanted into the pots. A study was carried out to determine the optimum dosage of nZVIs required to get maximum removal efficiency of endosulfan. The optimum dosage was found to be 1000 mg/Kg. The same amount of nZVIs (1000 mg/Kg) was applied to the soil in each pot. A 40 mL aliquot of the surfactant Tween 80 was added to each pot to increase the mobilities of the nZVIs [4] . A soil sample (10 g) was collected from each pot after 0, 7, 14, 21, and 28 d and analyzed for endosulfan. The sample extracts were analyzed by gas chromatography with electron capture detection (GC-ECD). Two sets of control experiments were performed, one without any treatment and one with only nZVIs added.
Pesticide residues in water samples were extracted using a liquid-liquid extraction method. Pesticide residues in soil samples were extracted using a mixture of chromatographic grade n-hexane and acetone [20] - [22] . Pesticide residues in plant samples were extracted with ethyl acetate, using a procedure that has been described previously [21] .
The extracts were cleaned and concentrated, then analyzed using a Varian CP-3800 gas chromatograph with a 63 Ni electron capture detector. Separation was achieved using a wall-coated fused silica capillary column 30 m long, with a 0.32 mm internal diameter and a film 0.25 µm thick. After processing the samples through the different extraction steps, the final concentrated and cleaned up sample was analyzed using Gas Chromatograph using Electron Capture Detector which is specific and highly sensitive for halogenated compounds. A Varian make CP-3800 Gas Chromatograph equipped with Ni 63 ECD electron capture detector was used to analyze the pesticides. One microlitre volume of each extract was injected into the injection port using the micro syringe.
WCOT fused silica capillary column of length 30 m, 0.32 mm internal diameter, 0.25 μm film thickness was fitted and standard temperature programs were used. Nitrogen (99.999% purity) was used as the carrier gas and the gas inlet pressure was 80 psi corresponding to a flow rate of 2 ml•min −1 . The temperature for injector and detector were 250˚C and 300˚C, respectively. The temperature column was programmed from 130 (hold 1 min) to 200˚C at 5˚C (hold 10 min) and then from 200˚C to 232˚C at 1˚C min -1 . The chromatograms were recorded and integrated using Star Workstation software. The pesticides detected were compared with that of the standards [21] .
Accuracy within-day and between-day precision were assessed using QC samples at three concentration levels of 50, 100 and 200 μg/L. The samples were all run in triplicate (n = 3) on three different days and the RSD and relative error (RE) were calculated for each. Acceptable precision here was considered to be an RSD of <5%. The overall accuracy was assessed by subtracting the theoretical concentration of each QC sample from the mean concentration determined from the three days of analyses. Detection (LOD) and quantitation (LOQ) limits were calculated relative to the values for the blank at the retention times of the analytes (10 injections) [21] .
The final degradation product was confirmed by Thermo Trace 1300 Gas Chromatograph with Mass Spectro-meter (GC-MS). Data obtained were analysed by two factor ANOVA (Analysis of Variance) technique for comparison of means between days and between treatments. The impact of nZVIs to the microbes in the soil was also assessed. The bacterial colonies in the control soil (without any nano zero valent iron particles) and soil with added nano particles was assessed by plate count method. The soil samples were serially diluted and number of bacterial colonies formed was counted by plating out the sample of culture on a nutrient agar surface.
Results and Discussion
A fast and substantial degradation of endosulfan was observed during the column experiment to study the effectiveness of nZVI for the remediation of endosulfan. The column experiment indicated that endosulfan can be treated effectively by using iron nanoparticles at a residence time of less than 40 minutes.
The results of the systematic characterization of the nZVIs by SEM-EDS and transmission electron microscopy are shown in Figures 1-3 . The SEM and TEM images ( Figure 1 and Figure 2 ) of the nZVIs showed that the nZVIs formed were nano spheres that were in contact with each other and formed chains. The linear chains would have formed because of the magnetic properties of iron. The EDS spectra showed that each nZVI had a core of zerovalent iron and a shell mainly composed of iron oxide (FeO). The dual properties of such nZVIs may allow them to be used to separate and transform many different contaminants like trinitrotoluene, chlorinated solvents and pesticides [23] [24]. TEM image (Figure 2) showed that a single particle was typically around 30 nm in diameter, and most of the particles were less than 100 nm in diameter. A SEM image of nZVIs after they had been in contact with endosulfan in the column experiment is shown in figure 3 . Elements other than iron (e.g., sulfur and chlorine) were detected in the spectral data due to the release of those elements during the degradation of endosulfan by nZVIs.
The results of the phytoremediation, nano-phytoremediation, and control (no treatments) experiments are shown in Table 1 .
The results of phytoremediation (Table 1) indicated that, A. calcarata was the most effective hyper-accumulator of endosulfan of the species that were tested, removing 81.20% ± 0.20% of the endosulfan initially added to the soil within 28 d. Endosulfan was removed quickly in the first 7d of the experiment, then removed slowly in the following 7 d. C. citratus was also a good remediator, removing 65.08% ± 0.13% of the endosulfan from the soil within 28 d, although the plants became withered and unhealthy in the final days of the experiment. Of the selected plants, O. sanctum was the poorest remediator, removing only 20.76% ± 0.15% of the endosulfan in the soil within 28 d.
All the plants used in the experiment were analyzed for endosulfan. The A. calcarata plants (which removed 81.20% of the endosulfan in the soil within 28 d, as stated above) accumulated, in root, shoot and leaves, 80% of the endosulfan removed from the soil, showing that this species is a good hyper accumulator of endosulfan. The C. citratus and O. sanctum plants accumulated 62.18% and 14.06%, respectively, of the endosulfan they removed from the soil.
The results indicated that nano-phytoremediation is a more effective method for remediating endosulfancontaminated soil than is phytoremediation alone (which is a long-term process). Only limited studies have reported on the application of combined effects of nano remediation and phytoremediation. Nano-phytoremediation study for the removal of Trinitrotoluene (TNT) from contaminated soil has been reported [24] . Removal efficiency was found to be highest when nano-phytoremediation experiments were conducted in soil with the TNT/nZVI ratio of 1/10 with the complete TNT remediation (initial TNT concentration: 100 mg/kg) within 60 days.
The proportions of the endosulfan in the spiked soil removed from the control experiments (without any treatment) and in the phytoremediation and nano-phytoremediation experiments using A. calcarata, C. citratus, and O. sanctum are shown in Figure 4 . The endosulfan was removed efficiently in the first 7 d of the nanophytoremediation experiments and the concentration reached below detection limit within 28 d when A. calcarata was used and nZVIs were added to the soil. In case of nano-phytoremediation experiments with C. citrates and O. sanctum, 86.16% ± 0.09% and 76.28% ± 0.19% of endosulfan was removed respectively within a period of 28 days. The amount of endosulfan that was degraded naturally in the soil was determined from the results of the control soil samples. Only 20.13% ± 0.33% of the endosulfan had been removed from the soil in the control experiments within 28 d. About 55% of the endosulfan was removed from the soil within 28 d in the control experiments with nZVIs added.
Adding nZVIs to the experiments using plants caused more endosulfan to be removed than was removed by the plants alone. Adding the nZVIs to the soil caused the amount of residual endosulfan in the soil to suddenly decrease. The endosulfan was removed more quickly and effectively in the experiments with A. calcarata and nZVIs than in the experiments with only A. calcarata or only nZVIs, and no endosulfan or its metabolites could be detected in the soil after 28 d. The endosulfan concentration decreased rapidly in the first 7 d of the experiments with A. calcarata and nZVIs, and the remaining endosulfan was removed more gradually in the following days. The activities of the nZVIs may have gradually decreased because of the Fe (II) being oxidized to form Fe (III). Fe (III) is insoluble and may precipitate and deposit a hydroxide film on the surfaces of nZVIs, decreasing their activities. The formation of hydrogen would also deactivate the reactive sites on nZVIs [25] . The gradual loss of nZVI activity may have caused the gradual decrease in the efficiency at which the endosulfan was removed in our experiments.
The results of analysis of different parts of the plants to determine the accumulated concentration of endosulfan from the soil is given in Table 2 . Endosulfan was found in the roots, shoots, and leaves of the plants.
The nZVIs would have reduced the endosulfan in the soil, preventing the normal uptake of the endosulfan by the plants in the nano-phytoremediation experiments [4] [17] [26] [28] . Only 20.35% of the endosulfan (α-and β-endosulfan) removed from the soil was found in the A. calcarata tissues, and 12.21% and 9.84% of the endosulfan removed from the soil was found in the O. sanctum and C. citratus tissues, respectively. In the phyto and nano-phytoremediation experiments using A.calcarata endosulfan was found to be accumulated in higher amounts in the shoot. But in case of other two plant species, higher concentration of endosulfan was found to be accumulated in the root.
The results of the impact of nZVI on the growth of microbial colonies indicated a growth in the number of colonies formed in the soil with added nZVI particles compared to the soil without any added nano particles. Thus the addition of nanoparticles provided a suitable condition for the growth of bacteria [15] .
The Fe (0) in nZVIs can become oxidized to form Fe(II) and Fe(III) by reducing organic or inorganic species, and this means that the nZVIs in our experiments can degrade endosulfan effectively in nano-phytoremediation technique. Metallic iron (Fe0) serves effectively as an electron donor [17] [26] as shown in Equation (1). 0 2 Fe Fe 2e
Some chlorinated pesticides (e.g., endosulfan) can accept electrons and undergo reductive dechlorination [4] [16] [25] . The coupling of the iron oxidation and pesticide reduction reactions is often highly energetically favorable from a thermodynamic perspective [26] - [28] . The degradation of endosulfan by nZVIs involves hydrogenolysis through sequential dehalogenation. The presence of plants would have accelerated the removal of endosulfan from the soil by effectively phytoextracting it. The endosulfan isomers were detected to be less in plants involved in nano-phytoremediation than in simple phytoremediation experiments. This clearly indicates that the nZVIs played an important role in the endosulfan detoxification process in the nano-phytoremediation experiments. The dechlorination product of endosulfan was found to be Bicyclo [2] [21] hepta 2-5 diene from GC-MS analysis which is in line with the observations of Aginhotri et al. [28] and Begum et al. [29] . GC -MS analysis did not indicate the presence of any partially chlorinated intermediates. Statistical summary (ANOVA) to find out the influence of days and treatments on endosulfan concentration are presented in Table 3 .
It could be seen from the Table 3 that there is significant difference between treatments in the total endosulfan concentrations (p < 0.001). Using the least significant difference (LSD) noteworthy treatment effects was identified. Significantly higher endosulfan concentrations were observed in control and Ocimum Sanctum (phytoremediation).Significantly lower concentrations of endosulfan were noted in Alpinia calcarata (nano phytoremediation), Cymbopogon citrates (phytoremediation) and Alpinia calcarata (phytoremediation).
It can be inferred from Table 3 that, there is significant difference between days with respect to total endosulfan concentrations (p < 0.001). "0" day endosulfan concentration is significantly higher than all the rest (p < 0.001). Endosulfan concentration is significantly low after 14, 21 and 28 days; the difference in their mean values are not significant. Table 4 gives the ANOVA of percentage of endosulfan removal. There is significant difference between treatments in the removal of percentage endosulfan (p < 0.001). Alpinia calcarata (nano phytoremediation) Percentage removal of endosulfan between days also depicted a significant difference (p < 0.001).The percentage removal of endosulan is significantly higher after 28 days, followed by that in 21 days.
Conclusion
The possibility of combining nano-remediation and phytoremediation to remediate soil contaminated with endosulfan was assessed in this study. The outcome of the study can be very useful for the application in field since the advantages of phytoremediation and nanoremediation are combined in this technology. The unique properties and high surface areas of nZVIs can improve on many of the advantages offered by traditional iron remediation techniques. Considering the current and future impacts of chlorinated organic pesticides like endosulfan on the environment and human health, the successful implementation of this low-cost technology could be highly beneficial to the society. We found that endosulfan was rapidly and efficiently removed from contaminated soil using a nano-phytoremediation method. The terrestrial plant A. calcarata and nZVIs accelerated the removal of endosulfan from the contaminated soil within one month. It appears that the process involves the reductive dechlorination of endosulfan by the nZVIs and the enzymatic metabolism of endosulfan in the plants. For remediation application, nanoparticles were pumped directly into the soil along with surfactant solution. Hence the treatment method will minimise the impact of nanoparticles interacting with gases and other airborne particles.
